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Abstract: Surface plasmon enhanced antireflection coatings for GaAs solar cells have been designed theoretically.

The reflectance of double-layer antireflection coatings (ARCs) with different suspensions of Ag particles is calcu-

lated as a function of the wavelength according to the optical interference matrix and the Mie theory. The mean

dielectric concept was adopted in the simulations. A significant reduction of reflectance in the spectral region from
300 to 400 nm was found to be beneficial for the design of ARCs. A new SiO,/Ag—ZnS double-layer coating with
better antireflection ability can be achieved if the particle volume fraction in ZnS is 1%—2%.
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1. Introduction

The performance of antireflection coatings (ARCs) will
greatly affect the efficiency of solar cells!!!. Therefore, high-
quality ARCs have become one of the vital features of high-
efficiency solar cells. In recent decades, many meaningful
achievements have been made in both theoretical and ex-
perimental studies. Bouhafs et al.l?' designed Ta,Os, ZnS,
and Al,O3 single-layer antireflection coatings (SLARCs),
MgF,/ZnS double-layer antireflection coating (DLARC), and
MgF,/Al,03/ZnS triple layer ARC systems, in which the re-
flectance was calculated by using transfer matrixes and the
reflectance of the ARC systems on a silicon substrate was
measured. Additionally, Lee et al.l’! designed a MgF,/CeO
DLARC. Bai et al.™ modified the thickness of DLARC layers
considering the weighted mean reflection and the dispersion
effect of the coating materials. However, most of the designs
mentioned above focused on the visible (390-760 nm) part of
the sun’s spectrum. In the ultraviolet (UV) and the infrared
(IR) sections, especially in the UV area, reflectance increases
distinctly to 40%>~#. For photovoltaic solar cells, high re-
flectance in the UV region will waste energy.

In recent years, surface plasmons, which are col-
lective oscillations of the electrons in conductors, have
been extensively researched for biologic and luminescence
applications®!. However, on the whole, there has not been
extensive study of photovoltaic applications of surface plas-
mons. Very recently, Catchpole and Pillai!®"! investigated the
suitability of localized surface plasmons on silver nanoparti-
cles for enhancing the absorbance of silicon solar cells in the
IR region. They modeled Ag particles as scattering lumines-
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cent emitters and made use of the broadened emission peak
to facilitate the near band (in IR region) light absorption in a
Si thin film. Being different from thin film silicon solar cells,
the absorbance of IIIV thin film solar cells or bulk silicon so-
lar cells is sufficient, but the high reflectance of ARCs in the
UV region limits the absorption of these cells. In this paper,
we focus on reducing the ARC reflection in the UV region.
For this purpose, surface plasmons resonance enhanced ARCs
are theoretically designed. On metal nanoparticles, the oscil-
lation leads to a strong extinction of incident light at a cer-
tain particular frequency, which is termed the surface plasmon
resonance (SPR) frequencyl!. The surface plasmon resonance
frequency depends most strongly on the material that forms
the nanoparticle, but can be tuned by varying the shape of
the nanoparticle and surrounding dielectric environment. We
pin our hopes on making use of these extinction properties by
planting metal particles into ARC layers to reduce the reflec-
tions, which is a combination of DLARC and SPR enhanced
scattering. Based on the standard optical theorem and Mie’s
light scattering theory!'8!, models of the new ARC system are
simulated. The simulation results and further use of SPR in
solar cells are discussed in later sections.

2. Calculation method and modeling

Our simulation framework has been made for calculating
the reflectance of designed ARC:s in this section. The standard
optical theory and the basic surface plasmon resonance theory
are introduced first, followed by the model structures and the
simulation parameters.

(© 2009 Chinese Institute of Electronics
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2.1. Matrix method

The matrix method™ is frequently used to calculate the
reflection from a multilayer system. The system reflection R is
calculated by

I’lo—Y2

ng+Y

R =

ey

where Y is termed the optical admittance, which is a function
of the thickness and the refractive index of each layer, and
ny = 1 at the interface to the air. More detailed descriptions
can be found in Refs. [4, 9].

Hence, the system reflection at a certain wavelength can
be calculated once all the thicknesses and refractive indices
of each layer are determined. Since the refractive index of the
layer medium can be obtained from the existing literature, we
just need to determine the refractive index of the composite
layer.

2.2. Optical extinction of metal spheres (Mie theory)

The optical extinction on metal particles was interpreted
by Miel®! in 1908 by solving Maxwell’s equations. Both par-
ticle absorption and (Rayleigh) scattering contribute to extinc-
tion, i.e., Cext = Csca + Caps. An approximate expansion is
given by Bohren and Huffman!!%,
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Here, R is the radius of the spheres causing the extinction,
which have been expanded in terms of x = 27"nR, where 7
is the complex refractive index of the medium 7i = n + ik and
m? = t—:‘ is the ratio of the complex dielectric function of the
spheres to the complex dielectric function of the medium.

To describe the optical properties of a composite with
suspended metal particles, an effective dielectric function the-
ory was presented by Maxwell-Garnet!!": 1?1 in which the ef-
fective dielectric function of the composite is given by

I+ 2f(gsph - ém)/(ésph + Zém)
1- f(ésph - gm)/(gsph + 2§m) '

3)

E=&y

where f is the volume fraction of metal particles in the com-
posite. The complex refractive index 7 of the effective com-
posite layer can be extracted from the relation & = 7> =
(n + ik)>. Thus, one can plug these complex refractive indices
into the optical matrix (mentioned in Section 2.1) of the com-

posite layer and deduce the reflection of the multilayer system.

If the suspension of metal particles is extremely dilute
(f < 1%), each particle contributes approximately linearly to
the total extinction for the material and the refractive index n
is unchanged''?!. The effective extinction coefficient through

| Sio, d, SiO,tAg 4, Sio, d,
ARC
ZnS d, ZnS d, ZnS+Ag d,
Cell | AlGaAs AlGaAs AlGaAs
l p-GaAs p-GaAs p-GaAs

(@) (b) (c)
Fig. 1. Structures of ARCs: (a) Common structure of SiO,/ZnS
double-layer antireflection coating; (b), (c) Modified structures of
ARC.

the composite material is given by!!*!

3 n? -1
k=kn+ Efnlm(ﬁm2+2)

“

Generally speaking, the noble metals Au, Ag, and Cu have dis-
tinctly sharper resonances than non-noble metals, such as Cr,
Fe, Ni, As, and Er> ! In particular, Ag has the most suitable
resonance frequency in the UV region!!> 161,

2.3. Modeling

As mentioned above, we target at an enhancement
close to the UV region, where antireflection in a traditional
Si0,/ZnS coatings is weak. We will investigate the effect of
scattering by Ag metal nanoparticles in SiO, or ZnS layers,
and compare the antireflection enhancement for GaAs cells.

The new designed ARC structures are shown in Figs. 1(b)
and 1(c). These are modified forms of normal DLARC (see
Fig. 1(a)). Ag particles are suspended in the selected layer. For
simple simulations, we suppose that the particle distributions
are uniform in the composite layers.

As ARC is a kind of multilayer system, the reflectance
of the structures (b) and (c) can be calculated from Eq. (1)
when the optical properties of composite layers are derived
from Egs. (3) and (4).

2.4. Parameters for simulations

The complex refractive indices of SiO,, ZnS, Ag, Al-
GaAs and so on are taken from Palik’s work!'”) and Wem-
ple’s work!!® 1 The particle diameter is designed larger than
80nm. The volume fraction of particles ranges from 1% to
10%. Each layer thickness is determined by!?"!
_ia
=T
where i is the weighted average refractive index given by
Ref. [4].

nid

(&)

3. Results and discussions

3.1. Reflections of systems with extreme dilute suspension

The reflection calculated from Eqgs. (1) and (4) is shown
in Fig. 2(a) for a 1% volume fraction of metal spheres in SiO,
and in ZnS media.
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Fig. 2. (a) Reflectance of double-layer antireflection coatings as a
function of wavelength; (b) Extinction of an Ag-SiO, and an Ag—

ZnS composite as a function of wavelength.

Since the volume fraction of metal spheres is small, the
reflection changes in the visible region are negligible. Near
the resonance frequency, the extinction contribution becomes
comparable to the reflection, and the reflectance correspond-
ingly becomes lower. Particles in SiO, provide a resonance
wavelength near 370 nm. Similarly, a ZnS medium tunes the
wavelength as high as 400 nm. It is in good agreement with
their different resonance frequencies (see Fig. 2(b)), which
were calculated from Eq. (2). And particles in a ZnS layer
have a larger extinction contribution in Fig. 2(a) than in a SiO,
layer, because of the greater thickness.

It should be pointed out that the layer thicknesses d; in
Fig. 1(b) and d in Fig. 1(c) are 94.2 and 119.5 nm. Therefore,
the diameter of Ag particles should be less than 94 or 119 nm.
In other words, the solid particles are arranged in a plan with
our previous settings of D > 80 nm.

3.2. Reflections of systems with a dilute suspension

As an Ag—ZnS composite shows a better light trapping
ability in the spectral region needed, we will mainly focus on
the influence of the particle volume fraction of the ZnS layer
in this section. The corresponding reflections of the modified
ARC systems were calculated from Egs. (1) and (3) by chang-
ing the particle volume fraction from 2% to 10%. Partial cal-
culated data are shown in Fig. 3.

The plot shows that the enhancement of the antireflection
at the resonance wavelength is significant for a larger volume
fraction compared with Fig. 2, and there tends to be a reduc-
tion in the antireflection towards larger particle sizes at other

causes a distinct refractive dispersion effect. As a weighted av-
erage layer thickness is used in the simulations, the dispersion
effect of the refractive index, therefore, leads to a dispersion
of the reflectance. It is easy to understand the influence of the
higher volume fraction in the limited case. If f = 100%, the
composite layer becomes metallic and the reflection will be
apparently enhanced. In sum, ARCs show a better antireflec-
tion capability when the particle volume fraction is f = 1%—
2%.

3.3. Contribution of scattering

From what was calculated above, it is seen that there is
a considerable enhancement of the antireflection caused by
the extinction characteristics of metal particles. However, only
the scattering section is helpful to the solar cell, as we men-
tioned before. As seen from Eq. (2), the efficiency of the ab-
sorption, scaling with R3, dominates over the scattering effi-
ciency, which scales with RS. Obviously, as the particle size
increases, the extinction tends to be dominated by scattering,
and the scattering efficiency is considered to be an important
factor in light trapping.

The contribution of scattering to extinction in Eq. (2) is
shown in Fig. 4 for a volume fraction of f = 1% and for metal
spheres with increasing radii from 40 to 46 nm (60 nm). The
absorption from the particles contributes largely to the total ex-
tinction at a wavelength near 300 nm. The Rayleigh contribu-
tion rapidly becomes comparable to the particulate absorption
as the wavelength increases. For an extinction at a wavelength
larger than 330 nm, scattering will play an important role. The
plot also shows that the absorption contributes less to the ex-
tinction when the particle diameter increases. With increasing
particle diameters, higher terms in the Mie scattering formula
Eq. (2) become significant, and Mie resonances will dominate
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Fig. 4. Absorption efficiency for Ag particles in different media. The
curves are for increasing particle diameter at a constant volume frac-
tion f = 1%.

the extinction. We can see that the absorption contribution be-
comes negligible when the particle diameter increases to 120
nm in a ZnS medium.

For a volume fraction of f = 2%, the scattering efficiency
calculated is similar to the result above. In brief, it means
that the improvement of the antireflection shown in Fig. 2 and
Fig. 3 is mainly due to Rayleigh scattering.

3.4. Extinction in different media

In our photovoltaic research programs, such as tandem
solar cells and integrated micro solar cells, ultra-thin GaAs
solar cells were frequently designed and made according to
our high-integration-density requirements. However, the effi-
ciencies of such cells are limited because of the relatively poor
light absorption. For instance, micro solar cells for MEMS are
usually designed in an ultra-thin (400 nm) style. The light ab-
sorption in these cells is not sufficient near the bandgap (see
Fig. 5). As we mentioned in Section 1, the surface plasmon
resonance frequency can be tuned by varying the surrounding
dielectric environment. Imbedding a metal sphere in a high-
dielectric-constant medium will increase the resonance wave-
length (red-shift effect), which was correspondingly reflected
in Eq. (2) and Fig. 2(b). In addition, the absorbing medium will
broaden the range of the resonance extinction!. The red-shift
effect and the expansion of the resonance provide a probability
for the enhancement of light trapping in the high-wavelength
region!®,

The composite extinction cross section from Eq. (2) is
shown in Fig. 6 for a 1% volume fraction of 80 nm metal
spheres in a TiO, and in an AlGaAs medium. It should be
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Fig. 5. Absorption rate of different thicknesses of a GaAs layer. The

interface reflection is neglected.

8.0

6.0

201

Extinction (10° cm™)

~ s g -
0.0 P B e R sy -y i DR Y

300 400 500 600 700 800 900
Wavelength (nm)

Fig. 6. Composite extinction in an Ag—-AlGaAs and an Ag-TiO,
medium. A high-dielectric-constant medium causes an increasing of

the resonance wavelength.

noted that, for AlGaAs, which is an absorbing medium, Equa-
tion (2) becomes semi-quantitatively correct, and the free elec-
tron model (FEM) for a metal is used here to derive the effec-
tive dielectric of the spheres!'#l. And the larger absorption in
the medium contributes a larger imaginary component to the
complex dielectric function of the composite, which broadens
the resonance. In particular, in an AlGaAs medium, the reso-
nance is significantly broadened.

If we embed metal particles in a high-dielectric-constant
ARC medium such as TiO,, or in a window medium of the
cells, such as AlGaAs, the utilization rate of the incident pho-
tons in ultra-thin GaAs solar cells will likely be increased. The
red-shift and the broadening effects also potentially promise
an alternative method to improve single-layer antireflection
coatings.

4. Conclusions

The performance of the modified ARC system is simu-
lated by calculating the system reflection from the standard
optical theorem and the Mie theory with different structural
parameters, including the complex refractive indices of the
medium and the volume fraction of the metal particles. When
the particle volume fraction in a ZnS medium is 1%—2%, and
the diameter of particles is larger than 100 nm, the calculated
enhancement of the antireflection is significant in the near-UV
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region for GaAs solar cells. The nanoparticles also have the
potential to increase the near band absorption for extra-thin
GaAs cells. The simulation contributes to the design and the
fabrication of high-quality antireflection coatings of GaAs so-
lar cells.
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